Introduction Results

Clathrin-coated vesicles are the most prominent carriers
clathrin light chains LCa and LCb were replaced by LCanated at two wavelengths using a time-lapse series designed to acquire up to 300 consecutive images at inter-EGFP or LCa-YFP, as determined by Western blot analysis of coated vesicles isolated from the expresser cells vals of 2.6-20 s and for periods of up to 20 min. No significant differences were observed in the analyses (data not shown). We also established a BSC1 cell line stably expressing the AP-2 rat brain 2-adaptin fused described below when performed with images obtained by focusing on the top surface of the cell facing the at its C terminus to EGFP ( Figure 1C ). As expected, this fusion protein associated only with the plasma memmedium, or with images obtained from the bottom surface, in contact with the supporting glass cover slip. brane and colocalized perfectly with transiently expressed clathrin LCa-mRFP ( Figure 1C ) and with endogTo track clathrin and AP-2 clusters along the time series automatically, all images were spatially filtered enous AP-2 (data not shown). Its expression did not prevent uptake of transferrin ( Figure 1D ).
and segmented using SlideBook 4 (Experimental Procedures). The procedure successfully identified all clusters, as verified by visual inspection in randomly chosen
Dynamics of Clathrin and AP-2 Assemblies
We characterized the life cycle of the clathrin-coated images along the time series (Figure 2A and Supplemental Movies S3 and S4 on the Cell web site). The fluorespits and vesicles tagged with fluorescent clathrin and AP-2 using images acquired with a microscope configcent clusters appeared as objects of 200-400 nm diameter, as expected for a coated pit or vesicle 100-200 nm ured with a confocal spinning disk (see Supplemental Movies S1-S4 at http://www.cell.com/cgi/content/full/ in diameter, given the diffraction limit imposed by the transfer function of the microscope. 118/5/591/DC1). The samples were alternately illumi- ; it also nm). In a few cases (n ϭ 5), the DiI particle appeared to interacts with cell surface carbohydrates (Paul et al., land directly from the medium onto a young, preexisting 1989). An active clathrin endocytic pathway is important clathrin cluster. In the remaining instances (n ϭ 17), for successful infection (Supplemental Movies S11 a migrating DiI-LDL particle stopped moving just as a and S12). clathrin cluster appeared beneath it. In all of these Upon landing on the upper surface of the cell (no events, the fluorescence clearly continued to increase virus could be detected bound to the bottom surface), following association with the LDL particle (see example Alexa647 reovirus particles were essentially stationary in Figure 5C ). At the end of this period, the clathrin signal (average displacement of 5 Ϯ 1 nm s Ϫ1 [n ϭ 17] over disappeared rapidly, presumably because of uncoating.
periods of 280-1500 s). That is, the lateral mobility of Often, the clathrin-LDL objects executed an abrupt latthe virus-receptor complex was substantially smaller eral displacement of 300-600 nm with an average speed than that of the LDL-LDL receptor. Eventually a clathrin of 57 nm s Ϫ1 for 11 Ϯ 2 s just before disappearance of signal appeared as a cluster colocalizing with the viral the clathrin signal. From observations using a combinaparticle, and the two then remained associated with tion of epifluorescence and TIRF, Merrifield et al. ) of LCa-dsRED in clathrin clusters, just 5D). Presumably, the longer association was due to the before disappearance of the dsRED signal and immeditime required to build a larger clathrin lattice (the reoviately after appearance of a signal from dynamin1 fluorus particle is about 85 nm in diameter; LDL is about 27 rescently tagged with EGFP. Thus, the sudden displacenm). Consistent with this interpretation, the intensity of ment probably represents budding of the coated vesicle, the clathrin signal also increased during the full period in for which dynamin is required, and release from the which clathrin and virus signals colocalized ( Figure 7C ). plasma membrane. The DiI-LDL particle then continued At the end of the association period, we noticed (as to move laterally after vesicle uncoating, and the diswith LDL) an abrupt disappearance of the clathrin signal tance traveled was linearly dependent on time, a characand initiation of rapid lateral movement of the fluoresteristic of directed motion ( Figure 5C ). The position of cent virus particle. The virus particle acquired an averthe particles was hard to monitor beyond 30 s, because age speed of 26 Ϯ 0.2 nm s Ϫ1 (301 determinations for the particle disappeared from the field of observation 34 viruses), and its path, which had the characteristics due to a combination of axial and lateral motion. of directed rather than diffusive motion, could be folClathrin clusters active in LDL uptake, as identified lowed for at least 120 s. We suggest that, as with LDL, by the association of Alexa594-LDL with LCa-EGFP, had the rapid, directed motion represents intracellular migramean lifetimes of 40 and 60 s ( Figure 5D ). Their mean net tion of the virus encased in a newly uncoated vesicle fluorescence intensity was 180 at the time of association toward the appropriate endosomal compartment. Rapid with Alexa594-LDL, consistent with the capture of LDL particles by young pits (Figure 5E, black circles) and and directed motion of reovirus was seen only after its tive view of the dynamics of clathrin coat assembly and to ensure that the overall analysis applies to genuine endocytic vesicles and to identify the fate of vesicles disassembly at the surface of BSC1 and COS cells under the growth conditions described. We have also followed after loss of clathrin. We derive from our data the following description of specific cargo capture in a subset of the clathrin clusters clathrin dynamics. A large fraction of coated pits nucleShort-Lived Pits May Be Abortive ates at randomly distributed points within permissive
The most unexpected result of our analysis is the detecareas of the cell surface. In BSC1 cells (stably expressing tion of a large number of relatively dim, very short-lived tagged LCa or 2 or transiently expressing tagged LCa), clathrin clusters. What is the significance of these there is little correlation between positions at which events? It is possible that these short-lived clusters repcoated pits assemble and the positions from which preresent a subset of more rapidly growing coats that mavious pits have budded. The situation is different in COS ture and pinch off quickly. Their weak fluorescence incells, which show a subset of coats assembling at pretensity argues against this interpretation, however. Their ferred regions, as previously described (Gaidarov et al., brightness corresponds to their age, calibrated as de-1999). We believe that the available evidence does not scribed, and we estimate that they contain not more support a model in which the plasma membrane conthan 30 triskelions. Moreover, their disappearance is tains specialized sites acting as factories to sustain the generally not accompanied by the burst of dynamin incontinuous assembly of many coated pits. We propose tensity seen just before budding of the larger structures, instead that recruitment of coat components occurs rannor is it preceded by the rapid positional shift that signals domly within a large number of active domains scattered pinching off. We therefore believe that a likely interpretathroughout the plasma membrane and surrounded by tion of the short-lived clusters is that they are abortive regions of low activity, presumably constrained by the coated pits. Partially formed pits, in equilibrium between underlying cytoskeleton. addition and loss of clathrin, might be expected on occaThe duration of the nucleation step cannot be detersion to disassemble completely, especially if they conmined from current data, because this step probably tained less than 20-30 triskelions. A specific event, perinvolves too few clathrin triskelions and AP-2 complexes haps linked to capture of cargo, might stabilize the to detect. Once an assembly has become visible, hownascent coated pit and thus commit it to finish assembly ever, it grows at a steady rate, and the extrapolation and to bud. Indeed, the average lifetime of the shortfrom the insets in Figure 2B and 2E suggests that, in our lived clusters is less than the age at the time of uncoating experiments, a newly visible pit might be 10-20 seconds of a coated vesicle loaded with cargo. We suggest that old. Dynamin and AP-2 appear in assembling pits along the coated pits that continue to completion of an endowith clathrin, and the strengths of these fluorescent sigcytic event are generally those loaded with cargo of nals grow in parallel. some kind, of which the transferrin in our experiments The rate of clathrin assembly can be estimated from will have labeled a larger proportion than the LDL and the likely size of a coated vesicle with a total visible reovirus. lifetime of 32 s, the peak of the distribution in Figure  2B . Our size-intensity calibration ( Figure 2C) predicts Cargo Capture and Commitment to Completion that a 32 s vesicle corresponds to the abundant soccer The model just attained makes predictions that we can ball structure (90-100 nm outer diameter) with 60 triskelitest with our data. One of these is that, once cargo and ons (Musacchio et al., 1999). Because the clathrin signal clathrin are together, clathrin assembly should proceed continues to increase throughout the measurable lifeto coated vesicle budding and uncoating. Indeed, in the time of the cluster, we calculate from the data in Figure  fields we analyzed, no transferrin-or LDL-associated 5 that the rate of growth is between one and two clathrin coated pits and very few reovirus-associated coated triskelions per second. The 6-second-old pits that cappits failed to proceed to completion. ture transferrin will have 10-20 clathrins-just enough A second prediction of our model concerns the likelito form a slightly curved indentation in the plasma memhood of detecting clathrin associated with a reovirus brane but not enough to close in around even the smallparticle when compared with the likelihood of detecting est cargo; the 20-second-old pits that capture LDL will clathrin at a random position on the cell membrane. We have ‫04ف‬ clathrins and will be more indented before scored fields in the reovirus time series for the number acquiring the remaining 40-120 clathrins needed to of clathrin clusters per unit area and for the fraction of make a larger coat. AP-2 recruitment parallels clathrin virus particles associated with clathrin (Supplemental assembly. Our experiments do not have sufficient reso- Table S1 ). We assumed a random distribution of nuclelution to determine whether the first clathrin precedes ation events (see Figure 3 ) and calculate the likelihood or follows an AP complex, nor can we be certain at the of clathrin appearing within an area equal to the "foot-1 s level whether clathrin uncoating precedes or follows print" of a virus particle (between 0.03 and 0.1 2 , de-AP dissociation. But the simplest interpretation of our pending on assumptions of the calculation, see Suppledata is that AP association and dissociation depend mental Table S1) Table S1 ). We con-(35-400 s) lifetimes and contain adaptors. The associaclude from this calculation that there is no evidence that tion of AP-2 with coated pits and vesicles is also, of course, consistent with their biochemical copurification.
the reovirus-receptor complex directly induces coated pit formation, even though the apparent likelihood of in this earlier work was restricted to the interval just prior to clathrin uncoating, it clearly showed the presence of finding clathrin associated with virus is higher than for a similar but randomly selected area of membrane. dynamin1 in clathrin clusters before the final burst. More recent studies following a relatively small number of Rather, the presence of virus determines that the lifetime of a pit that happens to form beneath it will be substanpits and likewise restricted to the interval just prior to uncoating also show dynamin2 in assembling clathrin tially longer than average (Supplemental Figure S1) . Simulation of the association of LDL and clathrin has led clusters, although they do not show a detectable final burst of intensity . These us to the same conclusion (Supplemental Figure S1) .We asked what would be the mean time to capture for a data and ours help to resolve the long-standing puzzle presented by the presence of dynamin embedded within particle diffusing toward a target in two dimensions, assuming a footprint of 15 nm for the interacting parts the clathrin lattice as detected by immunoelectron microscopy (Damke et al., 1994) . The short duration of the of the LDL receptor and the clathrin coat. The simulated values range between 17 and 28 s, in excellent agreedynamin burst and the rapidity with which uncoating ment with the observed one (20 s). Thus, as with reovirus, ensues probably explain why rings of accumulated dy-LDL/LDL receptor complexes do not seem to induce namin have not been seen at the neck of budding vesicoated pit formation; instead, they are captured by an cles in thin-section electron micrographs. already partially assembled coated pit.
There is no evidence that dynamin interacts directly with clathrin or its adaptors, but it does bind through its C-terminal, proline-rich segment to a number of different Dynamin SH3-domain containing proteins, such as amphiphysin, We observed steady recruitment of dynamin followed which in turn can interact with clathrin and its adaptor in some cases by a burst of additional dynamin associa-AP-2 (David et al. , 1996) . Dynamin also appears to intertion, in agreement with previous real-time studies of the act with Hsc70 and auxilin, both of which associate with colocalization of dynamin1-EGFP and clathrin on cell surfaces (Merrifield et al., 2002) . Although the analysis clathrin (Newmyer et al., 2003) . It is possible that, in addition to having a role in fission, dynamin participates mitted" coated pit might be found in the dynamics of Hsc70 recruitment, the properties of GTPases involved in some other way in regulating assembly of a clathrin coat. It might, for example, act as a molecular antenna, in adaptor association, or in other activities not yet described. to recruit lipid-modifying enzymes such as endophilin (Farsad et al., 2001 ), which could help to deform the The model just outlined separates the mechanism of initiation from the process of cargo recognition. It allows membrane lying under the clathrin lattice. a variety of different cargo adaptors to participate equally, rather than making one a privileged initiator, Model and it avoids the need to postulate differentiated budWe summarize our conclusions with a tentative molecuding sites on the membrane. Critical tests of this descriplar description of the life of an endocytic, clathrin-coated tion of endocytosis as an exploratory process will be pit (Figure 8) . Assembly nucleates by recruitment of as finding the mechanism by which abortive coated pits yet unidentified components to randomly distributed pocollapse and defining the signaling process that allows sitions on the inner surface of the plasma membrane.
assembly to proceed. Addition of clathrin proceeds at a steady rate (in these cells) of about one triskelion every 2 s. Dynamin and
Experimental Procedures
AP-2 are added to the coated pit along with clathrin (and presumably other components that we have not
